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ABSTRACT
We use hydrodynamic simulations to study the effect of spiral arms on the star formation rate
(SFR) occurring in nuclear rings of barred-spiral galaxies. We find that spiral arms can be an efficient
means of gas transport from the outskirts to the central parts, provided that the arms are rotating
slower than the bar. While the ring star formation in models with no-arm or corotating arms is active
only during about the bar growth phase, arm-driven gas accretion makes the ring star formation both
enhanced and prolonged significantly in models with slow-rotating arms. The arm-enhanced SFR is
larger by a factor of ∼ 3− 20 than in the no-arm model, with larger values corresponding to stronger
and slower arms. Arm-induced mass inflows also make dust lanes stronger. Nuclear rings in slow-arm
models are ∼ 45% larger than in the no-arm counterparts. Star clusters that form in a nuclear ring
exhibit an age gradient in the azimuthal direction only when the SFR is small, whereas no noticeable
age gradient is found in the radial direction for models with arm-induced star formation.
Subject headings: galaxies: ISM — galaxies: kinematics and dynamics — galaxies: nuclei — galaxies:
spiral — ISM: general — stars: formation
1. INTRODUCTION
Barred-spiral galaxies often host star-forming
nuclear rings at their centers (e.g., Phillips
1996; Buta & Combes 1996; Knapen et al.
2006; Mazzuca et al. 2008; Comero´n et al. 2009;
Sandstrom et al. 2010; Mazzuca et al. 2011; Hsieh et al.
2011; van der Laan et al. 2011). These rings are most
likely produced by the radial infall of gas at large
radii caused by angular momentum loss due to its
nonlinear interactions with an underlying stellar bar
potential (e.g, Combes & Gerin 1985; Shlosman et al.
1990; Athanassoula 1992; Heller & Shlosman 1994;
Knapen et al. 1995; Buta & Combes 1996; Kim et al.
2012b; Kim & Stone 2012). They appear smaller in
more strongly barred galaxies (e.g., Comero´n et al.
2010) and unrelated to resonances with the bars (e.g.,
Pin˜ol-Ferrer et al. 2014). This suggests that the ring
location is determined primarily by the amount of
angular momentum loss rather than the resonances, as
confirmed by numerical simulations (e.g., Kim et al.
2012a,b). Large gas surface density and small dynamical
timescale of nuclear rings make them one of the most
intense star forming regions in disk galaxies.
Observations indicate that the star formation rate
(SFR) in a nuclear ring varies widely from galaxy to
galaxy (e.g., Mazzuca et al. 2008; Comero´n et al. 2010),
although the total gas content in a ring is similar at
∼ (1−6)×108 M⊙ (e.g., Buta et al. 2000; Benedict et al.
2002; Sheth et al. 2005; Schinnerer et al. 2006). Data
presented in Mazzuca et al. (2008) and Comero´n et al.
(2010) suggest that strongly barred galaxies tend to have
a small SFR, while weakly barred galaxies have a wide
range of SFR at ∼ 0.1−10 M⊙ yr
−1. Ring star formation
appears to be long lived, occurring either continuously
(van der Laan et al. 2013) or episodically (Allard et al.
2006; Sarzi et al. 2007) for ∼ 1 − 3 Gyr. In some galax-
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ies, young star clusters exhibit an azimuthal age gradi-
ent such that they tend to be older farther away from
the contact points between a ring and dust lanes, while
there is no noticeable age gradient in many other galaxies
(e.g, Bo¨ker et al. 2008; Mazzuca et al. 2008; Ryder et al.
2010; Brandl et al. 2012). Yet, what determines the ring
SFR as well as the presence or absence of the azimuthal
age gradient along a ring is not clearly understood.
In a recent attempt to understand these observational
results, Seo & Kim (2013, hereafter Paper I) ran hydro-
dynamic simulations for star formation occurring in nu-
clear rings of barred galaxies without spiral arms, and
found that the ring SFR is controlled mainly by the mass
inflow rate to the ring rather than the total gas mass in
the ring. In these bar-only models, the massive gas in-
flows caused by the bar growth result in a strong burst
phase of SFR that lasts only for ∼ 0.2 Gyr, after which
both the mass inflow rate and SFR are decreased to very
small values below ∼ 0.1 M⊙ yr
−1. The main reason
for this short burst of star formation is that only the gas
inside the bar region (more precisely, inside the outer-
most x1 orbit) can respond to the bar potential to initi-
ate the rapid gas infall, while the gas outside the bar is
not much affected by the bar potential (e.g, Kim et al.
2012b; Kim & Stone 2012). Paper I also found that an
azimuthal age gradient of young star clusters is expected
when the SFR is less than a critical value affordable at
the contact points. These bar-only models may explain
ring star formation in galaxies with low SFR, but would
require that the bars should be dynamically young in
galaxies with high SFR, which is quite unlikely since
the lifetime of bars is quite long (several Gyrs) in ob-
servations (e.g., Gadotti & de Souza 2005; Pe´rez et al.
2009) and N -body simulations (e.g., Shen & Sellwood
2004; Bournaud et al. 2005; Berentzen et al. 2007;
Athanassoula et al. 2013).
If the mass inflow rate to the ring is really a criti-
cal factor in determining the ring SFR, long-lived star
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formation requires that fresh gas should be supplied to
the nuclear rings continually or continuously. There
are several additional gas-feeding mechanisms at work
in real galaxies that may change the temporal evolu-
tion of the SFR considerably. These include galac-
tic fountains (e.g, Fraternali & Binney 2006, 2008), cos-
mic accretion of primordial gas (e.g, Dekel et al. 2009;
Richter 2012), and angular momentum dissipation by
spiral arms (e.g., Roberts & Shu 1972; Lubow et al.
1986; Hopkins et al. 2011; Kim & Kim 2014). For in-
stance, Fraternali & Binney (2008) estimated the gas in-
falling rates of ∼ 2.9 and ∼ 0.8 M⊙ yr
−1 for NGC 891
and NGC 2403, respectively, most of which was ejected
to the halos via supernova (SN) feedback, while Richter
(2012) found high velocity clouds feed a normal galactic
disk with gas at a rate of ∼ 0.7 M⊙ yr
−1. Since the
gas supply in the form of fountains and cosmic accre-
tion occurs over a whole disk plane, the accreted gas
should make its way to the galaxy center anyway to
help promote star formation in the rings. Very recently,
Kim & Kim (2014) showed that stellar spiral arms can
play such a role, transporting the gas inward at a rate
∼ 0.05 − 3.0 M⊙ yr
−1 depending on the arm strength
and pattern speed, which can potentially enhance the
ring SFR.
In this paper, we investigate star formation in a nuclear
ring of a disk galaxy that possesses both spiral arms and
a bar. This is a straightforward extension of Paper I that
considered only the bar potential. By varying the arm
strength and pattern speed while fixing the bar parame-
ters, we quantity the effect of the spiral arms on the ring
SFR and gaseous structures that form. In Section 2, we
describe our galaxy models and numerical method. In
Section 3, we present the results on overall evolution of
our galaxy models, star formation occurring in nuclear
rings, and age gradients of star clusters. We summarize
and discuss our results in Section 4.
2. MODEL AND METHOD
We consider disk galaxies with both spiral arms and a
bar. Our galaxy models are identical to those in Paper I
except that we initially consider an exponential gaseous
disk rather than a uniform disk and that we addition-
ally include stellar spiral perturbations. The reader is
referred to Paper I for the detailed description of the sim-
ulation setups and numerical methods. Here we briefly
describe our current models and methods.
The gaseous disk is infinitesimally-thin, self-
gravitating, unmagnetized, and rotating about the
galaxy center. The initial profile of gas surface density
is taken to
Σ0 = 29.4 exp(−R/9.7 kpc) M⊙ pc
−2, (1)
which describes nearby disk galaxies reasonably well
(Bigiel & Blitz 2012). We adopt an isothermal equation
of state with sound speed of cs = 10 km s
−1.
The axisymmetric part of the external gravitational
potential gives rise to a rotational velocity profile that
resembles normal disk galaxies with velocity of vc ≃
200 km s−1 at the flat part. The non-axisymmetric
part consists of two components: a bar and spiral arms.
As in Paper I, the bar potential is modeled by a Fer-
rers prolate spheroid whose parameters are fixed to the
central density concentration index n = 1, the semi-
major and minor axes 5 kpc and 2 kpc, respectively,
the mass 1.5 × 1010 M⊙, and the pattern speed Ωbar =
33 km s−1 kpc−1. For the spiral potential, we take a two-
armed trailing logarithmic model of Shetty & Ostriker
(2006):
Φs(R, φ; t) = Φs0 cos
(
m
[
φ+
lnR
tan p∗
− Ωarmt+ φ0
])
,
(2)
for R ≥ 6 kpc and Φs = 0 at R < 5 kpc, with Φs between
5 kpc and 6 kpc tapered by a Gaussian function. Here,
m, p∗, Ωarm, and φ0 denote the number, the pitch an-
gle, the pattern speed, and the initial phase of the arms,
respectively. The amplitude Φs0 of the arm potential is
controlled by the dimensionless arm-strength parameter
F defined by
F ≡
mΦs0
v2c tan p∗
, (3)
which measures the radial force due to the spiral arms rel-
ative to the centrifugal force from the background galaxy
rotation (e.g., Kim & Kim 2014). In this work, we fix
m = 2, p∗ = 20
◦, φ0 = 147
◦, and vary F and Ωarm.
Our calculations incorporate a prescription for star for-
mation and ensuing feedback via SNe. We determine
star-forming regions based on the critical density corre-
sponding to the Jeans condition, and allow for a star for-
mation efficiency of 1% (e.g., Krumholz & McKee 2005;
Krumholz & Tan 2007). When a cloud is determined to
undergo star formation, we spawn a sink particle corre-
sponding to a star cluster, and convert 90% of the gas
mass to the particle. The mass of each particle is typ-
ically in the range of ∼ 105 − 107 M⊙. Each particle
interacts gravitationally with each other while orbiting
under the influence of total gravity, and injects radial
momentum to the surrounding gaseous medium, mimick-
ing multiple simultaneous SN explosions from a cluster.
We consider a time delay, ∆τSN, between star forma-
tion and SN feedback. Under the Kroupa (2001) initial
mass function, the mass-weighted mean main-sequence
lifetime of stars with M ≥ 8 M⊙ that explode as SNe
is estimated to be ∆τSN = 10 Myr, but we also run a
case with ∆τSN = 5 Myr to study its effect on the ring
SFR. In our models, the amount of the radial momen-
tum per single SN in the in-plane direction is taken to
be 2.25×105 M⊙ km s
−1. This corresponds to the snow-
plow phase of a shell expansion due to an injection of SN
energy 1051 erg in the in-plane direction (e.g., Chevalier
1974; Cioffi et al. 1988; Thornton et al. 1998; Kim et al.
2013; Kimm & Cen 2014).
Although it is challenging to measure the pattern
speeds of bars and spiral arms, observations indicate
that they are either corotating or the arms are rotat-
ing more slowly than the bar (e.g., Fathi et al. 2009;
Mart´ınez-Garc´ıa & Gonza´lez-Lo´pezlira 2011). To ex-
plore various situations, we run a total of 14 models with
differing F between 0 and 20%, Ωarm between 10 and
33 km s−1 kpc−1, and ∆τSN between 5 and 10 Myr.
Columns (1)–(4) of Table 1 list the name and the pa-
rameters of each model. Columns (5)–(9) give some of
the simulation outcomes, which will be explained later.
Model F00 is a bar-only model, while the other models
possess spiral arms as well. Model F10P20d is a con-
Star Formation in Barred-spiral Galaxies 3
Table 1
Model Parameters and Simulation Outcomes
Model F Ωarm ∆τSN 〈Σdl〉 〈Mring〉 M∗ 〈SFR〉 Rring
(%) (km s−1 kpc−1) (Myr) (M⊙ pc−2) (109 M⊙) (109 M⊙) (M⊙ yr−1) (kpc)
(1) (2) (3) (4) (5) (6) (7) (8) (9)
F00 0 - 10 21.8±9.34 0.25±0.01 0.92 0.19±0.21 0.67
F05P10 5 10 10 41.3±34.6 0.21±0.06 1.53 0.98±0.76 0.90
F05P20 5 20 10 34.8±31.2 0.23±0.03 1.27 0.62±0.35 0.89
F05P33 5 33 10 23.1±13.3 0.27±0.01 1.02 0.31±0.20 0.72
F10P10 10 10 10 66.7±55.5 0.26±0.08 2.07 1.32±1.09 1.00
F10P20 10 20 10 75.4±79.2 0.27±0.05 1.70 1.32±1.07 0.95
F10P33 10 33 10 24.0±20.5 0.28±0.01 1.01 0.31±0.17 0.73
F15P10 15 10 10 101.7±133.8 0.24±0.07 2.84 2.44±1.93 0.98
F15P20 15 20 10 94.2±90.1 0.25±0.07 2.31 2.11±1.41 1.02
F15P33 15 33 10 24.4±19.1 0.26±0.01 1.16 0.34±0.40 0.70
F20P10 20 10 10 123.9±314.1 0.23±0.08 3.55 3.54±1.69 1.08
F20P20 20 20 10 114.3±220.3 0.27±0.07 3.04 2.95±1.84 0.94
F20P33 20 33 10 30.1±27.7 0.23±0.03 1.42 0.75±0.42 0.81
F10P20d 10 20 5 68.3±80.4 0.25±0.06 1.76 1.45±1.21 0.95
Note. — F denotes the dimensionless arm strength; Ωarm is the arm pattern speed; ∆τSN is the time
interval between the cluster formation and SN explosion; 〈Σdl〉 is the mean surface density of the dust-lane
segments at R = 2.0−2.5 kpc averaged over t = 0.4−1.0 Gyr; 〈Mring〉 is the gas mass in the ring averaged
over t = 0.4 − 1.0 Gyr; M∗ is the total stellar mass formed until t = 1.0 Gyr; 〈SFR〉 is the ring SFR
averaged over t = 0.4− 1.0 Gyr; Rring is the ring radius at t = 1.0 Gyr.
trol model with ∆τSN = 5 Myr. Note that the models
with Ωarm = 33 km s
−1 kpc−1 have the arms and bar
corotating, with the co-rotation resonance (CR) radius
at RCR,bar = RCR,arm = 6 kpc, while the models with
Ωarm = 10 and 20 km s
−1 kpc−1 have the RCR,arm = 20
and 10 kpc, respectively.
As in Paper I, we integrate the basic ideal hydrody-
namic equations using the CMHOG code in the frame
corotating with the bar (Piner et al. 1995). To re-
solve the ring regions with high accuracy, we set up a
logarithmically-spaced grid that extends from R = 0.05
to 30 kpc. The number of zones in our models is
1290 × 632 in the radial and azimuthal directions cov-
ering the half-plane with φ = −pi/2 to pi/2, leading to
the grid size of 5 pc at R = 1 kpc where a ring preferen-
tially forms. We adopt the outflow and periodic bound-
ary conditions at the radial and azimuthal boundaries,
respectively. In order to avoid strong transients in the
gas flow caused by a sudden introduction of the bar, the
bar is slowly introduced over one bar revolution time of
0.19 Gyr.
3. SIMULATION RESULTS
We in this section first describe the overall evolu-
tion of our fiducial model F10P20 with F = 10% and
Ωarm = 20 km s
−1 kpc−1 in comparison with its no-arm
counterpart, Model F00. Evolution of other models with
arms is quantitatively similar to that of Model F10P20.
We then present the results on star formation histories
and distributions of star clusters that form in nuclear
rings.
3.1. Overall Evolution
Figure 1 shows snapshots of the gaseous surface density
in logarithmic scale at t = 0.15, 0.4, and 0.7 Gyr of
Models F00 with no arms (left) and Model F10P20 with
arms (middle). The right panels zoom in the central
2 kpc regions of Model F10P20 to display the positions
of star-forming regions younger than 20 Myr (colored
asterisks) as well as all star clusters that have formed
(small dots). The bar is pointing toward the y-axis and
remains stationary in the simulation domain. The solid
oval in the lower-left panel draws the outermost x1 orbit
under the given potential, which cuts the x- and y-axes
at 3.6 kpc and 4.7 kpc, respectively. The total gas mass
enclosed by the outermost x1 orbit is 1.2 × 10
9 M⊙ in
the initial disk. Note that the inner ends of the gaseous
spiral arms are connected to the bar ends for most of the
time, even though the arms and the bar have different
pattern speeds.
An introduction of the bar and spiral potentials pro-
vides strong perturbations for gas orbits that would oth-
erwise remain circular. The gas in the bar region is read-
ily shocked to form “dust lanes” referring to high-density
ridges, indicated as arrows in the upper panels of Figure
1, located at the leading side of the bar major axis (e.g.,
Athanassoula 1992). Gas passes through the dust-lane
shocks almost perpendicularly and loses angular momen-
tum, moving radially inward to form a nuclear ring at
the location where centrifugal force balances the gravity
(Kim et al. 2012a,b). At the same time, the gas in the
arm region develops spiral shocks whose pitch angle is
smaller than that of the stellar arms. The offset between
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Figure 1. Snapshots of gas surface density at t = 0.15 Gyr (top), 0.40 Gyr (middle), and 0.70 Gyr (bottom) for Model F00 (left column)
and Model F10P20 (middle column). The right panels expand the central 2 kpc regions of Model F10P20 to show the distributions of
young clusters with age less than 20 Myr (asterisks) and older clusters (dots) that formed. The CR of the bar is at RCR,bar = 6 kpc inside
which the gas is rotating in the counterclockwise direction. A pair of the red arrows in each of top panels indicate high-density ridges,
termed dust lanes, located at the downstream side from the bar major axis. The oval in the lower-left panel draws the outermost x1 orbit,
outside of which the gas distribution is not much perturbed in Model F00. The left and right colorbars label log Σ and the age of young
clusters, respectively.
the pitch angles of gaseous and stellar arms is larger for
smaller F and larger Ωarm (Kim & Kim 2014). In gen-
eral, spiral shocks in the arm region are much weaker
than the dust-lane shocks in the bar region owing largely
to a smaller angle between the gas streamlines and the
shock fronts in the former, so that gas infall due to the
spiral shocks occurs much more slowly than that associ-
ated with the bar. At about 0.11 Gyr, stars start to form
in the ring where plenty of gas is accumulated by the bar
potential to meet the Jeans condition for gravitational
collapse.
At early time (t = 0.15 Gyr), the effect of spiral arms
on the bar region is almost negligible since they are
still weak and growing. When the arms become strong
enough to induce spiral shocks, the gas originally located
outside the bar region but inside the CR of the arms (i.e.,
RCR,bar < R < RCR,arm) starts to move radially inward
by losing angular momentum due to the spiral poten-
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Figure 2. Temporal changes of the gas surface density of the
dust lanes Σdl averaged over R = 2.0− 2.5 kpc for Models F10P20
and F00. In Model F00, the dust lanes are strong only when the
gas in the bar region infalls (t ∼ 0.1 − 0.2 Gyr) and when the
ring gas is expelled to the bar region by star formation feedback
(t ∼ 0.2− 0.3 Gyr). The arm-induced mass inflows make the dust
lane strong at late time in Model F10P20.
tial and associated spiral shocks, while the gas outside
RCR,arm drifts outward. The inflowing gas due to the
arms moves on along x1 orbits after entering the bar re-
gion. The gas is piled up at the bar ends where x1 orbits
crowd. Mutual collisions of gas orbits there further take
away angular momentum from the gas, intermittently
sending gas blobs along the dust lanes to the nuclear
ring. When this happens, the dust lanes become inho-
mogeneous, as illustrated in the t = 0.4 Gyr snapshot
of Model F10P20 in Figure 1. This not only enhances
the gas surface density of the dust lanes but also fuels
episodic star formation in the ring at late time (see be-
low).
Dust lanes are located at the downstream side of galaxy
rotation from the bar major axis, and are more straight
in more strongly barred galaxies (Knapen et al. 2002;
Comero´n et al. 2009; Kim et al. 2012a). In our mod-
els, they typically have a width of ∼ 50 pc and ex-
tend from the bar ends to the nuclear ring located at
R ∼ 1 kpc. Figure 2 plots temporal variations of the
mean gas surface density, Σdl, of the dust-lane segments
at R = 2.0−2.5 kpc in Models F00 (dashed) and F10P20
(solid). In Model F00, Σdl is large only when the gas in
the bar region experiences the massive infall to the nu-
clear ring (t ∼ 0.1−0.2 Gyr) and when the feedback from
the initial starburst activities sends the ring material out
to the dust lanes (t ∼ 0.2− 0.3 Gyr), after which Σdl de-
cays to very small values. The early behavior of Σdl in
Model F10P20 is similar to that in Model F00, but the
gas inflows induced by spiral arms make the dust lanes in
the former much more pronounced at t >∼ 0.4 Gyr than in
the no-arm counterpart. This trend can also be seen in
Figure 1 where the dust lanes in Model F00 are strong at
t = 0.15 Gyr but can be barely identified at t >∼ 0.4 Gyr,
while they are vividly apparent at any time in Model
F10P20. Column (5) of Table 1 gives the mean surface
density 〈Σdl〉 as well as standard deviations of the dust
lanes for all models, where the angle brackets 〈 〉 repre-
sent a time average over t = 0.4− 1.0 Gyr.
In the t = 0.7 Gyr snapshot of Model F00, there
is a well-defined, elongated gaseous feature, called a
gaseous inner ring, that lies inside the outermost x1 or-
bit and encompasses the dust lanes (e.g., Buta 1986,
2013; Regen et al. 2002). The inner ring has roughly the
same size as the bar (e.g., Buta & Combes 1996). As
explained in Paper I, it begins to form after dust lanes
find their equilibrium positions by collecting the resid-
ual gas that did not experience the dust-lane shocks. In
Model F10P20, however, the inner ring is strongly per-
turbed by the arm-induced mass inflows at late time. It
is also influenced by feedback from star formation in the
nuclear ring. As Figure 1 shows, the spiral shocks at
t = 0.4 Gyr are abundant with dense clumps produced
by a wiggle instability of the shock fronts, which occurs
as a consequence of the potential vorticity accumulation
in the gas flows moving across curved shock fronts mul-
tiple times (Kim et al. 2014a). These clumps collide and
merge with each other as they move along the arms, and
become loose at the interface between the arm and bar
regions. When they enter the bar region, they thus have
significant inward radial velocities, providing strong per-
turbations to the gas already in the inner ring. They
eventually settle on x1 orbits, lose angular momentum
by hitting the bar ends, and move further in to the nu-
clear ring.
3.2. Star Formation
3.2.1. Enhanced SFR by Arms
Figure 3 plots the temporal evolution of the SFR in
the ring, the total stellar mass M∗(t) formed until time
t, and the total gas mass Mring in the ring for mod-
els with F = 10% but differing Ωarm.
1 The results of
Model F00 with F = 0 are compared as dashed lines.
The overall behavior of the SFR in the bar-only model is
characterized by a strong primary burst and a few subse-
quent secondary bursts before declining to small values at
t >∼ 0.3 Gyr, with the duration of the burst phase corre-
sponding to the bar growth time (Paper I). The presence
of spiral arms especially when the pattern speed is small
can make the SFR rejuvenated at t >∼ 0.4 Gyr. As we
mentioned above, the mass infalls from the bar ends to
the ring occur intermittently, resulting in episodic star
formation in the ring at late time. Since the typical in-
flow velocity due to the arms is ∼ 1 km s−1 (Kim & Kim
2014), the arm-induced SFR in the ring can persist longer
than the Hubble time, as long as RCR,arm is located suf-
ficiently far away from the bar ends. Note that ring SFR
is not enhanced much in Model F10P33, since RCR,arm
is located just outside the bar ends.
Figure 3(c) shows that in all models Mring is main-
tained relatively constant at ∼ (2−4)×108 M⊙ through-
out evolution, similar to observations (e.g., Sheth et al.
2005). Column (6) of Table 1 gives 〈Mring〉 for all mod-
els. Since the SFR depends on Ωarm considerably, this
suggests that it is not the gas mass in the ring but
the mass inflow rate to the ring that controls the ring
SFR, even when the effect of spiral arms is included.
1 We calculate the ring mass as Mring ≡
∫ 1.5 kpc
0.5 kpc
∫
ΣRdφdR,
since the ring density in our models is about two orders of magni-
tude larger than the density of the surrounding medium near the
galaxy center.
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Figure 3. Temporal variations of the (a) SFR in the ring, (b) total
stellar mass M∗(t) formed until t, and (c) total gas mass Mring in
the ring for models with F = 10% and varying Ωarm. The results
of the bar-only model are compared as dashed lines. Arm-induced
gas inflows make the SFR rejuvenated at t >∼ 0.4 Gyr. The ring
SFR is not well correlated with Mring.
With the typical ring radius of 1 kpc and thickness of
50 pc, this translates into the averaged gas surface den-
sity Σring ∼ 650−1250 M⊙ pc
−2, which is approximately
equal to the critical density Σc = 10
3 M⊙ pc
−2 for Jeans
collapse. When Σring > Σc, star formation takes place
in the ring, reducing the gas density. When Σring < Σc,
star formation is halted in the ring which has to wait un-
til fresh gas is filled in to resume star formation. For the
bar-only models, Paper I found that the ring shrinks in
size steadily over time due to the addition of gas with low
angular momentum. Enhanced SFR by arms turns out
to reduce the shrinking rate of the ring size (see Section
3.2.2).
Figure 4 plots M∗ at t = 1 Gyr and the mean values
〈SFR〉 (symbols) along with the standard deviations (er-
rorbars) of the SFR averaged over t = 0.4 − 1.0 Gyr for
all models. These values are also tabulated in Columns
(7) and (8) of Table 1. The horizontal dashed line in
each panel represents the case with no arm. Note that
M∗ = 0.9×10
9 M⊙ in Model F00, which is about 75% of
the initial gas mass inside the outermost x1 orbit. While
M∗/(1 Gyr) corresponds to the mean SFR throughout
entire evolution, 〈SFR〉 measures the mean value of the
arm-induced SFR after the initial gas infall due to the
bar potential is almost finished. Clearly, both M∗ and
〈SFR〉 are larger for models with larger F and/or smaller
Ωarm. For Ωarm = 10 and 20 km s
−1 kpc−1, for exam-
Figure 4. (a) Total stellar mass M∗ formed until t = 1 Gyr and
(b) the mean values (symbols) and standard deviations (errorbars)
of the SFR averaged over t = 0.4 − 1 Gyr as functions of the arm
strength F and pattern speed Ωarm. The horizontal dashed line in
each panel marks the value in the bar-only model. In (b), the data
are displaced slightly in the horizontal direction for clarity. The
dotted lines are our best fits (Eq. (4)).
ple, the time-averaged ring SFR over t = 0.4 − 1.0 Gyr
is enhanced by a factor of 5.2, 6.9, 12.8, 18.6, and 3.3,
6.9, 11.1, 15.5 for models with F = 5, 10, 15, 20%, respec-
tively, compared to the no-arm counterpart. The dotted
lines are our best fits to 〈SFR〉:
〈SFR〉
M⊙ yr−1
= 0.19 + 25F1.2 log
(
11.5− 10
Ωarm
Ωbar
)
. (4)
The increasing trend of the ring SFR with F is similar to
that of the gas inflow rates driven by the arms reported
by Kim & Kim (2014). This makes sense since a smaller
pattern speed implies a largerRCR,arm and since stronger
spiral shocks can remove a larger amount of angular mo-
mentum from the gas. When the arms are corotating
with the bar, on the other hand, the presence of spiral
arms does not affect the ring SFR much. This shows that
the enhancement of the ring SFR due to spiral arms is
significant only when they have different pattern speeds.
3.2.2. Age Gradients
Paper I showed that young star clusters exhibit a no-
ticeable age gradient in the azimuthal direction along a
nuclear ring only when the SFR is larger than the criti-
cal value M˙∗,CP, which is set by the maximum SFR af-
fordable at the contact points. In the high-SFR phase
(SFR > M˙∗,CP), star-forming regions are distributed
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Figure 5. (Upper) Spatial distributions of star clusters at t =
1 Gyr, with color denoting their age and (lower) the radial and tem-
poral variations of the azimuthally-averaged surface density Σ¯. The
left and right panels are for Model F00 and F20P20, respectively.
In the upper panels, the dashed oval fits the ring at t = 1 Gyr in
each model.
randomly throughout the ring, hence no age gradient
of clusters is expected. In the low-SFR phase (SFR <
M˙∗,CP), on the other hand, they are localized to the con-
tact points, leading to a well-defined azimuthal age gra-
dient. These two modes of star formation are referred to
respectively as “popcorn” and “pearls-on-a-string” mod-
els by Bo¨ker et al. (2008). For our adopted parameters,
Paper I found M˙∗,CP ∼ 1 M⊙ yr
−1, although it depends
sensitively on the ring size and the gas sound speed. Pa-
per I also showed that star clusters with age < 1 Gyr
show a positive radial age gradient such that older clus-
ters are located at larger R owing to a secular decrease
of the ring size.
We find that the condition for the presence or absence
of the azimuthal age gradient of young clusters is not af-
fected by arm-enhanced star formation. By analyzing the
dependence of the cluster ages younger than 10 Myr on
the azimuthal positions in all models with spirals, we find
that star formation occurs in the pearls-on-a-string fash-
ion for ∼ 80% of the low-SFR phase and for ∼ 20% of the
high-SFR phase. In the high-SFR phase, the mass inflow
rate along the dust lanes is too large for star formation
to consume all the inflowing gas at the contact points:
overflowing gas produces star-forming clumps distributed
randomly along the nuclear ring. In the low SFR phase,
however, most of the inflowing gas undergoes star for-
mation at the contact points. Since clusters age as they
move along the ring, this naturally leads to an azimuthal
age gradient.
However, the arm-enhanced star formation tends to
remove the radial age gradient of star clusters. The
upper panels of Figure 5 display the spatial distribu-
tions of star clusters at t = 1 Gyr in Model F00 (left)
and Model F20P20 (right), with the color represent-
Figure 6. Comparison of the ring SFR and the total stellar mass
M∗(t) between Model F10P20 with ∆τSN = 10 Myr and Model
F10P20d with ∆τSN = 5 Myr. While the detailed histories of the
SFR are different, the time-averaged SFR and M∗ are within 10%.
ing their age. The lower panels plot the correspond-
ing temporal changes of the azimuthally-averaged gas
surface density Σ¯(R) ≡
∫
Σdφ/(2pi) in linear scale. In
the no-arm model, younger clusters are located prefer-
entially at smaller R due to a secular decrease in the
ring size. This results in a radial age gradient amount-
ing to d log(t/yr)/d(R/kpc) ∼ 15 in Model F00. In
Model F20P20, on the other hand, gas driven in by the
spiral arms has larger angular momentum than in the
ring gas, so that the ring does not decrease in size af-
ter ∼ 0.4 Gyr. In addition, active star formation feed-
back disperses the ring gas widely in the radial direction,
making the ring larger than in the no-arm model. Col-
umn (9) of Table 1 gives the average ring radius Rring
at t = 1 Gyr, where Rring ≡
∫
RΣ¯dR/
∫
Σ¯dR, with the
radial integration taken over R = 0.5 − 1.5 kpc, show-
ing that the radii of the rings in spiral-arm models with
Ωarm <∼ 20 km s
−1 kpc−1 are larger by about 45% than
in Model F00. Consequently, star clusters in models with
arm-enhanced star formation exhibit no apparent radial
age gradient, as the upper-right panel of Figure 5 illus-
trates.
3.2.3. Effects of ∆τSN
To explore the effects of the time delay between star
formation and SN explosion, we run Model F10P20d with
∆τSN = 5 Myr, while the other parameters are taken
identical to those in Model F10P20. Figure 6 compares
the temporal changes of the SFR and M∗(t) from these
two models. Due to a shorter delay, feedback occurs ear-
lier in Model F10P20d, which tends to reduce SFR and
M∗ at early time compared to those in Model F10P20.
Although detailed star formation histories are different,
the time averaged SFRs over t = 0.4 − 1.0 Gyr are 1.32
and 1.45 M⊙ yr
−1 for Models F10P20 and F10P20d, re-
spectively, which agree within 10%. The total stellar
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mass formed at the end of the runs are also similar at
M∗ = 1.70 × 10
9 M⊙ and 1.76 × 10
9 M⊙ for Models
F10P20 and F10P20d, respectively. This demonstrates
that the results on the arm-enhanced SFR presented in
this work is insensitive to the choice of ∆τSN as long as
it is within a reasonable range.
4. SUMMARY AND DISCUSSION
We have presented the results of two-dimensional grid-
based hydrodynamic simulations to study star formation
in nuclear rings of barred-spiral galaxies. The gaseous
medium is taken to be isothermal, self-gravitating, un-
magnetized, and limited to an infinitesimally-thin disk.
We incorporate a prescription for star formation and de-
layed feedback via SNe in the form of momentum in-
jection. We handle the bar and spiral patterns using
rigidly-rotating, fixed gravitational potentials, and do
not consider the back reaction of the gas to the underly-
ing patterns. To study various situations, we vary only
the strength and pattern speed of the arms, while fixing
other arm and bar parameters. The main results and
corresponding discussions are as follows.
1. – Arm-enhanced SFR: Spiral arms located in the
outer disks can drive gas toward the bar region, enhanc-
ing star formation in nuclear rings considerably, only if
the arm pattern speed is smaller than that of the bar.
This is because only the gas located between the bar
ends and the CR of the arms can lose angular momen-
tum by passing through spiral arms and move inward to
the bar region, while the gas outside the CR of the arms
move radially outward. The gas entering the bar region
is first gathered to the bar ends where it loses its angu-
lar momentum additionally to move further in along the
dust-lane shocks to the nuclear ring. The inflow to the
ring occurs in an intermittent fashion, making the ring
star formation episodic that lasts long until the end of
the simulations. Ignoring the star formation induced at
early time by the bar, the enhanced SFR by spiral arms
is ∼ (0.6 − 3.5) M⊙ yr
−1, which is about 3 to 20 times
larger than that in the no-arm counterpart. This has an
important implication that the SFR histories in nuclear
rings can be significantly affected by spiral arms that
are slow and strong. Some galaxies are observed to have
undergone several episodic bursts of star formation in
the rings over a few Gyrs (Allard et al. 2006; Sarzi et al.
2007; van der Laan et al. 2013), which appear difficult
to be explained by gas inflows driven solely by the bar
potential (Paper I). We suggest that these sustained star-
burst activities might have resulted from additional gas
feeding due to spiral arms.
2. – Dust Lane Strength: The mass inflows driven by
arms also help make the dust lanes stronger. By analyz-
ing Sloan Digital Sky Survey DR7 data, Comero´n et al.
(2009) found that about 20% of 266 galaxies with mea-
sured bar strength host dust lanes with appreciable
strength. On the other hand, numerical simulations
with only a bar potential show that dust lanes remain
strong only for ∼ 0.2 Gyr around the time when the
bar potential achieves its full strength (e.g, Paper I;
Kim & Stone 2012). Given that bars persist for several
Gyrs (e.g., Gadotti & de Souza 2005; Pe´rez et al. 2009;
Berentzen et al. 2007; Athanassoula et al. 2013), this is
not compatible with the results of Comero´n et al. (2009).
Barred galaxies with strong dust lanes may be either dy-
namically young or supplied with fresh gas. Our nu-
merical results in this paper suggest that spiral arms
with large RCR,arm can be efficient to transport the gas
from outside to the bar region. The typical density
of dust lanes in our standard model F10P20 is about
70 M⊙ pc
−2. This corresponds to the extinction magni-
tude of AV ∼ 5 in the visual band assuming a standard
value of ∼ 3 for the ratio of total to selective extinction,
readily visible against the background stellar light.
3. – Age Gradients of Star Clusters : The gas driven in
from the arms to the ring is found to have larger angular
momentum than the gas already in the ring. In addi-
tion, feedback from active star formation at late time
tends to reduce the rate of angular momentum removal,
making the rings in models with spiral arms larger by
∼ 45% than those in bar-only models. Consequently, star
clusters formed in bar-only models retain an age gradi-
ent in the radial direction, while they do not in models
with slow-rotating spiral arms. On the other hand, the
arm-enhanced star formation exhibits an azimuthal age
gradient of star clusters such that younger clusters are
located closer to the contact points when SFR is small,
while clusters with different ages are well mixed when
SFR is large. The critical SFR that determines the ab-
sence/presence of the azimuthal age gradient is set by
the maximum gas consumption rate M˙∗,CP at the con-
tact points, which is ∼ 1 M⊙ yr
−1 in our current models,
although it may depends sensitively on the gas sound
speed and the ring size as M˙∗,CP ∝ c
3
sR
2
ring (Paper I;
see also Kim et al. 2014b). This appears consistent with
the observational data of Mazzuca et al. (2008) in that
nuclear rings with an azimuthal age gradient have, on
average, a smaller SFR than those without age gradient.
Many uncertainties surround the observational deter-
minations of the SFR in nuclear rings and the arm pat-
tern speed. The derived SFRs from different methods
do not always agree. For the nuclear ring of NGC 6951,
for instance, Mazzuca et al. (2008) derived the current
SFR ∼ 1.4 M⊙ yr
−1 based on the old Hα–SFR re-
lation of Kennicutt (1998), which is known to yield a
larger SFR by a factor of ∼ 1.47 than the newly cali-
brated relation (e.g., Hao et al. 2011; Kennicutt & Evans
2012). Also, local variations in the stellar-age mix,
initial mass function, gas/dust geometry, etc. are
likely to contaminate the derived SFRs to some ex-
tent (Kennicutt & Evans 2012). On the other hand,
van der Laan et al. (2013) measured the ages and masses
of stellar clusters directly to obtain a temporal history
of SFR in the ring of the same galaxy. They found
SFR ∼ 0 − 0.15 M⊙ yr
−1 during the past 1 Gyr,
with the current SFR less than 0.03 M⊙ yr
−1, much
smaller than value reported by Mazzuca et al. (2008).
Regarding the pattern speeds, a model-independent
kinematic method proposed by Tremaine & Weinberg
(1984) has been widely used to measure the angular
velocities of arms and bars (e.g., Zimmer et al. 2004;
Rand & Wallin 2004; Merrifield et al. 2006; Meidt et al.
2008; Fathi et al. 2009; Speights & Westpfahl 2011).
This method relies critically on a few assumptions, no-
tably that a galactic disk is in a steady state and that
there is a well-defined pattern, the validity of which is not
always guaranteed. For instance, star formation and en-
suing feedback make the density and velocity fields non-
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steady in a galactic disk. When arms are not corotating
with a bar, there are significant non-steady motions in
the gas flows in the region where the bar joins the arms,
which is likely to compromise the derived pattern speeds
based on gas tracers.
In addition to pattern speeds, there are many other
factors such as the ring size, bar strength, magnetic
fields that may affect the ring SFR. Therefore, it is not
yet viable to make a definitive comparison of SFRs be-
tween our numerical predictions and observations. Nev-
ertheless, the observational data tabulated in Table 1 of
Mazzuca et al. (2008) show that the averaged ring SFR
of SAB and SB galaxies are 2.90 ± 2.00 M⊙ yr
−1 and
2.00 ± 1.71 M⊙ yr
−1, respectively. Since the relative
importance of spiral arms is larger for SAB than SB
galaxies, these observations are not inconsistent with the
idea of arm-enhanced SFR in the nuclear rings. In addi-
tion, the spiral arms of NGC 4314 seem to corotate with
the bar (Buta & Zhang 2009), and the ring SFR in this
galaxy is quite low at ∼ 0.1 M⊙ yr
−1 (Mazzuca et al.
2008). On the other hand, NGC 4321 known to un-
dergo starburst activities in the ring (Ryder & Knapen
1999) have spiral arms rotating slower than the bar
(Hernandez et al. 2005). These are consistent with our
result that the arm pattern speed affects the ring SFR.
To explore star formation in nuclear rings, we have
adopted a very simplified model of gas in barred-spiral
galaxies. First of all, we treated the gas as being
isothermal and unmagnetized, whereas the interstellar
gas in real disk galaxies is multi-phase, magnetized, and
turbulent (e.g., Wolfire et al. 2003; McKee & Ostriker
2007). This required us to handle star formation feed-
back in the form of momentum injection rather than ther-
mal energy injection (e.g., Thacker & Couchman 2001;
Agertz et al. 2011; Kimm & Cen 2014). We considered
an infinitesimally-thin disk, which precludes a potential
effect of fluid motions that involve the vertical direction.
Most importantly, we here adopted a simple bar poten-
tial with fixed strength and pattern speed. Recent N -
body simulations for bar formation show that not only
the bar strength but also the bar size and pattern speed
vary with time over a few Gyrs (e.g., Minchev et al. 2012;
Manos & Machado 2014). The parameters of spiral arms
also appear to change as a bar evolves (e.g., Athanassoula
2012; Roca-Fa`brega 2013). Therefore, it would be in-
teresting to study how star formation in nuclear rings
studied in this work would change in a more realistic en-
vironment where a bar, consisting of live stellar particles,
is self-generated and interacts with the gaseous compo-
nent under radiative cooling and heating, which would
be an important direction of future research.
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